The reovirus S1 gene has recently been shown potentially to encode two polypeptides (from two overlapping reading frames) having predicted molecular weights of 49,071 and 16,143 (Nagata et al., Nucleic Acids Res. 12:8699-8710, 1984; Bassel-Duby et al., Nature [London], in press). The larger polypeptide is reovirus protein or 1, but synthesis of the smaller polypeptide has not been described to date. A truncated clone of the S1 gene in which the first ATG is deleted was expressed in an in vitro protein synthesis system to yield a -13-kilodalton polypeptide, as determined from migration on sodium dodecyl sulfate-polyacrylamide gels. A polypeptide with a similar migration pattern on sodium dodecyl sulfate-polyacrylamide gels was present in reovirus-infected cells and absent from mock-infected cells. Comparative tryptic peptide analysis of the 13-kilodalton polypeptides produced in vivo and in vitro showed them to be identical. Thus, the sl mRNA of reovirus type 3 is apparently bicistronic, and we suggest that the -13-kilodalton polypeptide be called or s (standing for cf small).
The reovirus genome consists of 10 double-stranded RNA molecules which are transcribed into 10 mRNA species. Each mRNA has, until recently, been considered functionally monocistronic, thus resulting in the production of 10 functional or structural reovirus proteins. Recently, however, studies on translation initiation sites of reovirus mRNAs by ribosome protection assays with cell-free systems revealed that one of the mRNA species-si mRNA-had two initiation sites (12) , as defined by the protection of RNA by 80S ribosomes against ribonuclease digestion (15) . Sequencing of the 5' end of the Si gene demonstrated two AUG codons separated by 55 nucleotides (17) . Furthermore, Cenatiempo et al. (4) , using a dipeptide synthesis assay, showed that the Si gene directed the synthesis of two different formylmethionyl dipeptides initiating at the two 5'-proximal AUGs in a reconstituted translation initiation system. In addition, they demonstrated that the second AUG from the 5' end of the sl mRNA directed the synthesis of dipeptides with 50% efficiency, as compared with the first AUG.
The process by which ribosomes bind to eucaryotic mRNAs and subsequently find the appropriate initiation codon is thought to occur via a "bind and scan" mechanism (10) . This model states that 43S preinitiation complexes bind at or near the 5' end of the mRNA and subsequently slide along the leader region until the appropriate (in general the first) AUG is encountered, whereupon a 60S ribosome binds to form a functional 80S complex. To explain the selection of the appropriate AUG codon for initiation, Kozak (11) , upon examination of the flanking sequences of initiator AUGs, found the consensus sequence G XXAUGG. However, a more recent survey showed less evidence for the preference of guanine in the position just downstream from the initiator AUG (14) . The importance of the adenine 3 nucleotides upstream from the initiator AUG has now been demonstrated experimentally by mutational analysis (13) . These findings argue that the context of the initiator AUG codon is important for its recognition as an initiation codon. An analysis of the flanking nucleotides of the 5'-proximal AUG * Corresponding author.
codons of reovirus mRNAs showed that the majority of them contain the GXXAUGG consensus sequence (14) . The 5'-proximal AUG codon of the Si gene, however, resides in the unfavorable context CXXAUGG, whereas the second AUG resides in the context AXXAUGG. Consequently, it was proposed by Kozak (12) ligated with T4 DNA ligase, and recombinant molecules containing the S1 gene in the orientation shown in Fig. 1 were chosen for further studies. All recombinant techniques were carried out basically as described by Maniatis et al. (18) and in references therein.
In vitro transcriptions and translations. Plasmid pSP64/S1 was linearized with EcoRV. In vitro transcriptions were performed essentially as described by Green et al. (8) except that the cap analog, m7GpppG (P-L Biochemicals Inc., Milwaukee, Wis.), was included in the reaction mixture at a concentration of 500 ,uM and the GTP concentration was reduced to 20 ,uM. [3H]CTP (20 , uCi, 25.4 Ci/mmol; New England Nuclear Corp., Boston, Mass.) was included in the reaction mixture to allow for quantitation of the mRNA. Transcription reaction mixtures were incubated for 2 h at 37°C, after which 2 ,ug of RNase-free DNase I (Bethesda Research Laboratories, Inc., Gaithersburg, Md.) and 1 ,ug of calf liver tRNA (Boehringer Mannheim) were added and the mixture was further incubated at 37°C for 10 min. The RNA was extracted with phenol-chloroform, passed over a G50 spun-dialysis column, precipitated twice with 2.5 volumes of ethanol containing 2 M ammonium acetate, precipitated once with ethanol containing 0.15 M potassium acetate, and washed with 80% ethanol. In vitro translations were performed in wheat-germ extracts with 8 ,ug of mRNA per ml at 25C for 2 h as previously described (22 the mixture was made 5% with ,-mercaptoethanol, boiled for 5 min, and shaken overnight at 37°C to elute the protein. Gel fragments were pelleted at 10,000 x g for 10 min, and the extracted protein in the supernatant was precipitated with 20% trichloroacetic acid with 100 jig of bovine serum albumin per ml as carrier at 4°C for 4 h. The precipitate was pelleted at 12,000 x g for 15 min at 4°C, washed successively with cold ethanol and ethanol-ether (1:1), and incubated with 10 ,ul of chilled performic acid (prepared by mixing 50% H202 and 98% formic acid [1:9] for 2 h at room temperature) for 2.5 h at 4°C. The sample was diluted with 1 ml of water, lyophilized, and redissolved in 100 mM NH4HCO3. Tosylsulfonyl phenylalanyl chloromethyl ketone-treated trypsin (50 ,ug/ml) was added, and the sample was incubated overnight at 37°C and lyophilized. The material was dissolved in 10 ,ul of electrophoresis buffer (butanol-pyridine-acetic acid-water [2:1:1:18, vol/vol], pH 4.7), spotted on CEL 300 (Polygram) plates (20 by 20 cm), and electrophoresed at 800 V for 50 min essentially as described by Gibson (6) . Plates were dried and chromatographed for 3 h in the second dimension (butanolpyridine-acetic acid-water [97:75:15:60, vol/vol], pH 5.3). After chromatography, plates were dried, soaked in 7% 2,5-diphenyloxazole (PPO) in ether, dried again, and autoradiographed. RESULTS The 5'-proximal AUG of reovirus sl mRNA directs the synthesis of v 1, and the next AUG from the 5' end is followed by an open reading frame with a coding capacity of ca. 16 kDa (Bassel-Duby et al., in press). However, no evidence has been presented to date to demonstrate that the putative -16-kDa polypeptide is indeed synthesized during reovirus infection. We probed for the presence of the -16-kDa polypeptide in reovirus-infected cells directly and compared it with the polypeptide synthesized in vitro from an mRNA derived from a subclone of the Si gene. A portion of the Si gene was subcloned next to the SP6 promoter (Fig.  1) . A full-length clone of the Si gene was digested with BamHI and BglII restriction enzymes. Excision of the 1.0-kilobase-pair Si fragment resulted in the loss of the first AUG codon and 414 base pairs corresponding to the 3' end of the mRNA. The 5'-proximal AUG was now 55 base pairs from the 5' end of the transcript, followed by the open reading frame encoding the putative -16-kDa polypeptide. This fragment was then inserted into pSP64 to place transcription under the control of the highly efficient SP6 promoter (8) . The plasmid was then linearized with EcoRV and utilized as a template for SP6 polymerase to yield microgram quantities of the truncated reovirus sl mRNA for subsequent functional assays. The transcripts produced in this system are uncapped and would not serve as efficient templates for in vitro translation in eucaryotic systems. However, by adding m7GpppG as a cap analog to prime transcription, it has been shown that >90% of the transcripts synthesized are capped (20) and are efficiently translated in in vitro translation systems.
When the truncated si transcript was translated in a wheat-germ extract, a small polypeptide with an apparent mass of -13 kDa was synthesized (Fig. 2) . The control lane (lacking exogenous RNA, lane 1) shows that this protein was not produced from endogenous mRNA in the extract, whereas the addition of the si transcript yielded the -13-kDa polypeptide (lane 2). Translation of the -13-kDa polypeptide was dependent on the presence of a cap structure, since translation of the uncapped mRNA was -10-fold less efficient than that of the capped mRNA, as determined by Incubations were carried out for 2 h at 25°C, at which time 1 pR1 of the incubation mixture was withdrawn, mixed with electrophoresis buffer, and run on a 10 to 18% SDS-polyacrylamide gel; the gel was then treated with En3Hance (New England Nuclear), dried, and autoradiographed. Gels were exposed to XAR-5 X-ray film for 1 h. Radioactive bands were quantified by soft-laser densitometry (LKB Instruments, Inc., Rockville, Md.). Lanes: 1, no mRNA added; 2, capped mRNA from pSP64/S1; 3, uncapped mRNA from pSP64/S1. The numbers at the left indicate kDa of marker proteins.
laser densitometry of the labeled bands (compare lane 3 to lane 2). Similar results were obtained when the mRNA was translated in rabbit reticulocyte lysate (data not shown). The apparent molecular weight of the synthesized polypeptide (-13,000), as determined from its migration on a 10 to 18% SDS-polyacrylamide gradient gel relative to that of a marker protein (lysozyme; molecular weight, 14,300), was lower than the molecular weight predicted from the cDNA sequence (molecular weight, 16,143). This somewhat anomalous behavior could be attributed to clustering of hydrophobic or charged amino acids in the polypeptide or to post-translational modification. Henceforth, we will refer to the -13-kDa polypeptide as u s (standing for u small).
An important question raised by these findings is whether the a s polypeptide is produced during reovirus infection. To determine whether the polypeptides comigrating in Fig. 3, lanes 2 and 3, are the same, we carried out a tryptic peptide analysis of the extracted polypeptides. After trypsin digestion, the resultant peptides were resolved by electrophoresis in the first dimension and chromatography in the second dimension on CEL 300 plates. Figure 4 shows the autoradiograms of the [35S]methionine tryptic maps of the cr s polypeptide synthesized in vitro (Fig. 4A) , the putative v s polypeptide synthesized in vivo (Fig. 4C) , and a mixture of the trypsin digestion products of the two polypeptides (Fig.  4B) . The amino acid sequence of a s, as deduced from the nucleotide sequence of the Si gene (Bassel-Duby et al., in press), predicted that with [35S]methionine as the label, four peptides should be generated by trypsin digestion. In both in vitro and in vivo preparations, three peptides were of a relatively strong intensity (indicated by arrowheads; one of the three peptides was labeled more strongly than the other two, most probably because it contained two methionines, as predicted from the DNA sequence), whereas a fourth peptide was less intense (indicated by arrows; we do not have an explanation for the low relative intensity of this peptide). In addition, several weakly labeled peptides, which were identical in both preparations, were present (probably incomplete digestion products). Thus, it is clear from the peptide map analysis that the -13-kDa polypeptide produced in reovirus-infected L cells is very similar, if not identical to, cr s synthesized in vitro.
The results presented here are consistent with the notion that reovirus sl mRNA is functionally bicistronic and that during infection in L cells it is translated to yield two polypeptides, or 1 and cr s. However, it is also plausible, although unlikely, that in infected cells the reovirus Si gene can in some way generate two distinct mRNAs, one directing the synthesis of cr 1 and the other directing the synthesis of g s. This possibility could be excluded only by performing Si mapping or primer extension experiments with reovirus mRNAs purified from infected cells. However, to determine if the full-length sl mRNA could be translated in vitro to yield both a 1 and C s, we subcloned the entire Si gene into plasmid pSP64 and synthesized a full-length sl mRNA containing the AUG codons for both the a 1 and a s proteins. Translation of this mRNA in rabbit reticulocyte lysate yielded both a 1 and a s (data not shown), indicating that translation from sl mRNA can initiate from the two 5'-proximal AUG codons. Thus, in vitro sl mRNA behaves as a bicistronic mRNA.
DISCUSSION
The existence of a newly synthesized low-molecularweight polypeptide after reovirus infection of L cells has been previously demonstrated (27) . In addition, the translation of reovirus mRNAs in in vitro systems often yields polypeptides that migrate faster than the a 3 protein (see, for example, reference 24) . The question as to whether they are bona fide translation products or simply an artifact of in vitro translation systems (i.e., early termination products) has been difficult to answer.
In light of our results, reovirus sl mRNA appears to be bicistronic, as predicted by the determination of mRNA translation initiation sites protected by 80S ribosomes against RNase digestion (12) and by formylmethionyl dipeptide synthesis from sl mRNA (4) . The ability of a eucaryotic mRNA to code for more than one polypeptide is not unique to reovirus sl mRNA. However, the majority of mRNAs analyzed to date that do so use a second and sometimes a third AUG downstream from but in phase with the first AUG (herpes simplex virus type 1 thymidine kinase mRNA, for example; see reference 21). Thus, in these cases, the resultant polypeptide is a truncated version of the primary protein product. However, in several cases, viral eucaryotic mRNAs have been shown to encode polypeptides which are synthesized from two different reading frames. These examples include the following: (i) an mRNA of adenovirus early region 1B that codes for two tumor antigens (3); (ii) the 16S late mRNA of simian virus 40 encoding the agnoprotein and VP-1 (9) ; (iii) RNA segment 6 4. Comparative tryptic peptide map analysis of the cr s polypeptide synthesized in vitro and the -13-kDa polypeptide synthesized in reovirus-infected L cells. Both polypeptides were resolved on a 10 to 18% SDS-polyacrylamide gradient gel as described in the legend to Fig.  3 , and the respective bands were eluted from the dried gel slice and processed as described in the text; -9,000 cpm were spotted onto CEL 300 plates. For mixing experiments, -5,000 cpm each from in vivo and in vitro digestion products were spotted together. After electrophoresis and chromatography, plates were exposed to XAR-5 X-ray film for 2 days. (A) cr s polypeptide; (B) r s polypeptide plus the -13-kDa polypeptide from reovirus-infected L cells; (C) -13-kDa polypeptide from reovirus-infected L cells.
produced from the bicistronic sl mRNA in vivo. For example, it is possible that ribosomes initiate internally and hence by a novel mechanism. It will be of great importance to examine relative expression from the two sl cistrons in vivo and in vitro with extracts from either noninfected or infected cells to gain insight into these possibilities.
The construction of reovirus mutants in or s by manipulation of the cloned Si gene may allow elucidation of the putative role of cr s in reovirus replication.
We have recently learned that Ernst and Shatkin (5) found that translation of reovirus sl mRNA in vitro yielded the u 1 protein and a low-molecular-weight polypeptide (-14 kDa) which most probably corresponds to the cr s protein. Furthermore, they found that a low-molecular-weight polypeptide of -14 kDa is present in reovirus-infected extracts but not in mock-infected extracts and that it shares common peptides with the in vitro-synthesized -14 kDa polypeptide. Thus, our results are in agreement with these findings. 
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